Abstract Aims/hypothesis: Typical Western diets cause postprandial lipaemia for 18 h per day. We tested the hypothesis that postprandial lipaemia decreases insulin sensitivity. Subjects, materials and methods: Employing a randomised crossover design, we administered two types of virtually isocaloric meals to ten healthy volunteers on two separate occasions. The meals (Meals 1 and 2) were both designed to produce a rise in triglycerides, but only Meal 1 generated a rise in NEFA, too. Insulin sensitivity, as quantified by an IVGTT with minimal model analysis, was calculated postabsorptively at 08.00 h and postprandially at 13.00 h, i.e. 3 h after meal ingestion. Results: Triglycerides rose from 0.91±0.31 mmol/l postabsorptively to 2.08±0.70 mmol/l postprandially with Meal 1 (p=0.005) and from 0.92±0.41 to 1.71±0.79 mmol/ l with Meal 2 (p=0.005). Neither the triglyceride levels at 13.00 h, nor the post-meal AUCs for triglycerides were statistically different between Meal 1 and Meal 2. NEFA rose from 0.44±0.17 mmol/l postabsorptively to 0.69±0.16 mmol/ l postprandially with Meal 1 (p=0.005) and showed no significant change with Meal 2 (0.46±0.31 mmol/l postabsorptively vs 0.36±0.32 mmol/l postprandially, p=0.09). Both the NEFA level at 13.00 h and the post-meal AUC for NEFA were significantly higher after Meal 1 than Meal 2. Compared with the postabsorptive state, insulin sensitivity decreased postprandially after each of the two meals to a comparable degree (Meal 1: −53%, p=0.02; Meal 2: −45%, p=0.005). Conclusions/interpretation: Our study reveals a drop in insulin sensitivity during postprandial lipaemia and strongly suggests that decreased insulin sensitivity is brought about by elevated plasma levels of triglyceride-rich lipoproteins independently of plasma NEFA levels.
Introduction
The concept of atherosclerosis being a postprandial phenomenon was introduced some 20 years ago [1] . We and others have shown that pronounced postprandial lipaemia represents a risk factor for the development of coronary artery disease [2, 3] and elicits potential atherogenic effects including endothelial dysfunction [4] and increased blood coagulability [5] .
Both plasma insulin levels [6, 7] and insulin sensitivity [8] [9] [10] [11] have been suggested to be an important determinant of postprandial lipaemia, which is prolonged and exaggerated in patients suffering from insulin resistance and type 2 diabetes [12] [13] [14] . Whether postprandial lipaemia with its characteristic elevation of triglyceride-rich lipoproteins (TGRLs), in turn, affects insulin sensitivity is not known. As a major part of life is spent in the postprandial state, with the consumption of successive fat-rich meals being common in many societies, this open question remains very relevant. Some studies, however, indicate that high levels of postabsorptive and/or postprandial TGRLs can cause insulin resistance. For instance, in type 2 diabetic patients, lowering of plasma triglycerides by bilio-pancreatic diversion [15, 16] or by the use of fibrates [17] enhanced insulin sensitivity and glucose tolerance. Furthermore, in families with clustering of hypertriglycer-idaemia, elevation of serum triglycerides constituted a risk marker for subsequent development of glucose intolerance and type 2 diabetes [18] .
With regard to a potential plausible mechanism, TGRLs and their lipolytic products, i.e. NEFA and TGRL remnant particles, could indeed be capable of inducing a state of insulin resistance. In the postprandial phase, TGRL lipolysis occurs predominantly in the adipose tissue capillaries with NEFA uptake by adipose tissue, however, being incomplete; between 20 and 80% of NEFA escape adipose tissue entrapment [19] to be taken up by liver and muscle [20, 21] , both major sites of insulin resistance. For these two tissues, numerous human and animal studies have shown that elevated plasma NEFA levels induce insulin resistance (for review see [22, 23] ). The other two lipid components involved in the lipolytic process, i.e. TGRLs and TGRL remnants, have been shown by us to induce insulin resistance in cultured skeletal muscle cells independently of NEFA levels [24] .
Therefore, the overall objective of this study was to investigate whether postprandial lipaemia induces a state of decreased insulin sensitivity. Our observations with cultured skeletal muscle cells [24] prompted us to employ an experimental design enabling plasma NEFA to be modulated as an independent variable.
Methods

Subjects
For the study, ten non-obese healthy male volunteers were recruited from the University of Innsbruck. The mean age of the study subjects was 29.0±5.2 years, and the mean BMI, calculated as the weight in kilograms divided by the square of the height in metres, was 22.4±0.8 kg/m 2 . Study subjects were in good health as assessed by medical history and physical examination. None of the individuals was receiving drug therapy, had markers of the insulin resistance syndrome or displayed any other metabolic abnormality. A routine laboratory test revealed normal limits. Mean fasting lipid parameters were as follows: total cholesterol 3.71± 0.65 mmol/l, HDL cholesterol 1.35±0.26 mmol/l, LDL cholesterol 2.16±0.73 mmol/l, triglycerides 0.91± 0.31 mmol/l and NEFA 0.44±0.17 mmol/l.
Study design
We performed a randomised study in crossover design to investigate the effect of postprandial lipaemia-as induced by ingestion of a standardised meal-on insulin sensitivity. Insulin sensitivity was determined twice on one day of the experiment; first, at around 08.00 h after an overnight fast of about 12 h and second, at around 13:00, 3 h after consumption of one of the two test meals. Two different experiments were performed on each subject on two occasions within 3 months; with the first experiment a high-fat meal (Meal 1) was used to induce postprandial elevations of both triglycerides and NEFA in plasma, whereas with the second experiment a virtually isocaloric mixed meal with a reduced fat abundance but increased carbohydrate content (Meal 2) was used to cause a postprandial rise in triglycerides, but no significant change in plasma NEFA levels. The composition of the second meal was chosen on the basis of the notion that adding carbohydrates to an oral fat load reduces postprandial NEFA levels, presumably by enhanced peripheral NEFA trapping [25] .
Study subjects were blinded with regard to the meal type ingested and randomised as to the chronological order of ingesting first Meal 1 followed by Meal 2 or vice versa. Meals were ingested within 5-10 min at 10:00 h and tolerated without any adverse effects. Intravenous catheters were placed in the antecubital veins of each forearm, one catheter for infusion and the other for blood sampling. Physical activity during the study was controlled, and no food intake in addition to the meal was allowed. The volume loss resulting from multiple blood samples was substituted for immediately after blood sampling by infusion of appropriate amounts of 0.9% NaCl.
The study protocol was approved by the Ethic Commission of the Medical University of Innsbruck, and written informed consent was obtained from all subjects.
Materials and analytical procedures
Meal 1 consisted of 350 ml whipped cream, 10 g cacao powder and 1 ml artificial sweetener, and contained 11 g protein, 12 g carbohydrates, 106 g triglycerides and 315 mg cholesterol. From the total of 1,080 kcal, 4.2% were derived from protein, 4.6% from carbohydrates and 91.2% from fat.
Meal 2 consisted of 192 ml whipped cream, 10 g cacao powder, 1 ml artificial sweetener, 100 g low-fat milk powder, 10 g maltodextrin and 160 ml water, and contained 43 g protein, 65 g carbohydrates, 60 g triglycerides and 173 mg cholesterol. From the total of 1,001 kcal, 17.7% were derived from protein, 26.7% from carbohydrates and 55.6% from fat. Calculations of the composition of the meals were performed with the software package Prodi 4.0 from Nutri Science.
Plasma glucose was measured by the hexokinase method using a Cobas MIRA analyser, and plasma insulin by a microparticle enzyme immunoassay from Abbott (Wiesbaden, Germany). The cross-reactivity with proinsulin of this assay was <0.005%. Serum NEFA concentration was determined by an enzymatic colorimetric method (Wako Chemicals, Neuss, Germany). Total cholesterol and triglycerides were quantified by specific enzymatic assays, HDL cholesterol by a precipitation method (all these assays were from Roche Diagnostics, Mannheim, Germany). Plasma LDL cholesterol levels were calculated by the Friedewald method. Free cholesterol was analysed with an enzymatic colorimetric method from Wako Chemicals, and esterified cholesterol was calculated as total cholesterol minus free cholesterol. Total ghrelin levels were determined with an RIA from Linco Research (St Charles, MO, USA) and growth hormone levels with an IRMA from Biosource (Nivelles, Belgium).
The post-meal AUCs for NEFA and triglycerides were calculated for the 3 h following meal ingestion, i.e. from 10.00 until 13.00 h, using iteration of trapezoidal areas.
IVGTTs
An IVGTT was performed postabsorptively at 08.00 h and postprandially at 13.00 h using the protocol described by Bergman et al. [26] We decided not to use the hyperinsulinaemic-euglycaemic clamp method, considered the gold standard for determination of insulin sensitivity, because we wished to select a procedure that would interfere as little as possible with the metabolism of lipids. With the clamp method, the concurrent infusion of insulin and glucose over several hours would dramatically interfere with the metabolism of postprandial lipids and thus blur a possible relationship of lipids with insulin sensitivity.
Calculation of the glucose disappearance constant and the acute insulin response to glucose
The glucose disappearance constant (K G ) is the absolute value of the slope of the regression line relating the natural log of glucose levels to time from 10 to 22 min after glucose injection, multiplied by 100. The acute insulin response to glucose (AIR) was calculated as the average suprabasal insulin concentration during the initial 2 to 10 min of the IVGTTs.
Statistical analysis
Statistical analysis was carried out using SPSS software, version 12. Analysed parameters were tested for normal distribution using the Shapiro-Wilk test. Since most variables were not normally distributed, the Wilcoxon matched-pairs signed-rank test was employed for all comparisons to detect statistically significant differences. We considered p values less than 0.05 to be significant. All data are presented as means±SD.
Results
The mean plasma profiles of glucose and insulin throughout the days of the experiments are illustrated in Fig. 1a,b . Postprandial plasma glucose levels showed no significant changes with ingestion of Meal 1. With Meal 2, postprandial plasma glucose levels reached a peak value of 6.28± 1.33 mmol/l 30 min after meal ingestion and returned to postabsorptive levels about 90 min after the meal (Fig. 1a) . The rationale underlying the formulation of the two test meals was to investigate whether sharply contrasting postprandial NEFA levels affected the degree of postprandial insulin sensitivity. Therefore, we searched in a series of pilot experiments for appropriate compositions of the test meals, such that both meals would give rise to marked postprandial triglyceride elevations, but only one, i.e. Meal 1, would produce elevated NEFA levels compared with respective postabsorptive values (Fig. 1c,d) .
With Meal 1, NEFA levels rose from 0.44±0.17 mmol/l postabsorptively at 08.00 h to a maximum value of 0.69± 0.16 mmol/l postprandially at 13.00 h (p=0.005). With Meal 2, NEFA levels showed no significant change between the postabsorptive level of 0.46±0.31 mmol/l and the postprandial one of 0.36±0.32 mmol/l (p=0.09) (Fig. 1d) . The postprandial NEFA level at 13.00 h was significantly higher after Meal 1 compared with Meal 2 (p=0.04). Accordingly, the post-meal 0-to 3-h AUC for NEFA was higher after Meal 1 than after Meal 2 (72.1±21.1 vs 36.3±21.1 mmol·min·l −1 , p=0.005). Triglyceride levels rose from 0.91±0.31 mmol/l postabsorptively at 08.00 h to 2.08±0.70 mmol/l postprandially at 13.00 h with Meal 1 (p=0.005) and from 0.92± 0.41 mmol/l postabsorptively to 1.71±0.79 mmol/l postprandially with Meal 2 (p=0.005) (Fig. 1c) . Both the postprandial triglyceride levels analysed at 13.00 h (2.08± 0.70 mmol/l with Meal 1 vs 1.71±0.79 mmol/l with Meal 2, p=0.20) and the post-meal 0-to 3-h AUCs for triglycerides (246±104 mmol·min·l −1 with Meal 1 vs 213±96 mmol· min·l −1 with Meal 2, p=0.09) were statistically not different between the two meal types.
We also analysed plasma total cholesterol levels, which showed no significant difference between the postabsorptive and the postprandial states of both Meal 1 (3.71±0.65 vs 3.84±0.50 mmol/l, p=0.16) and Meal 2 (3.64±0.52 vs 3.74±0.66 mmol/l, p=0.13). Free cholesterol levels, however, increased from 1.16±0. Next, we compared insulin sensitivity in the postabsorptive and postprandial states (Fig. 2) . With Meal 1, insulin sensitivity decreased from 0.00124±0.000749 postabsorptively to 0.000565±0.000344 postprandially (p=0.02); with Meal 2, insulin sensitivity decreased from 0.00120±0.000629 postabsorptively to 0.000638±0.000297 postprandially (p=0.005).
We also determined postabsorptive and postprandial plasma levels of growth hormone and ghrelin, both of which have been shown to be affected by food intake [27] [28] [29] and which may, in turn, affect insulin sensitivity [30, 31] . Growth hormone levels did not differ significantly between postabsorptive and postprandial states of both Meal 1 (0.11±0.044 vs 0.064±0.035 ng/ml, p=0.06) and Meal 2 (0.18±0.11 vs 0.091±0.036 ng/ml, p=0.09). Ghrelin levels, however, decreased from 1,264±373 pg/ml postabsorptively to 1,116±446 pg/ml with ingestion of Meal 2 (p=0.02), whereas with ingestion of Meal 1 there was no statistical difference between the postabsorptive and postprandial values (1,302±357 vs 1,076±404 pg/ml, p=0.07).
Discussion
Despite considerable progress in recent years, the mechanisms in the pathogenesis of insulin resistance, a major predictor of type 2 diabetes, are only poorly understood. Abnormalities in lipid metabolism, particularly overabundance of circulating NEFA, have been shown to play an important role in this process (for review, see [22, 23] ).
In the present study, we describe a mechanism of lipidinduced deterioration of insulin sensitivity not appreciated to date, i.e. diminished insulin sensitivity induced by postprandial lipaemia. The reduction in insulin sensitivity during transition from the postabsorptive to the postprandial phase in our study was documented by using minimal model analysis of an IVGTT, which enables calculation of insulin sensitivity even at disequilibrium of glucose and insulin plasma levels. For the two meals employed, we observed a comparable decrease in postprandial insulin sensitivity. Since one meal led to a rise in plasma NEFA levels shown by others to elicit insulin resistance [32] and the second meal failed to raise NEFA above their postabsorptive levels, our data indicate that plasma NEFA were not involved in the impairment of postprandial insulin sensitivity in our study. Similarly to NEFA, free and esterified cholesterol showed significant changes only after one of the two meals. These findings point to TGRLs, whose postprandial levels at 13.00 h and post-meal AUCs were increased to a comparable degree following ingestion of either of the two test meals. TGRLs as a cause of insulin resistance would be in keeping with our recently published in vitro study which demonstrated that highly purified postprandial TGRLs/remnants-independently of NEFA levels-are capable of causing muscle insulin resistance as evidenced by impaired insulin signalling and glucose metabolism [24] . Numerous studies have shown that a large proportion of TGRLs and remnant particles are taken up not only by the liver but also by peripheral tissues including muscle [33, 34] . Whole lipoprotein uptake has been suggested to be of importance for TGRL removal by skeletal muscle [33, 35] where TGRLs and their remnants could cause intramyocellular accumulation of lipids [24] including lipid intermediates such as long-chain acyl-CoAs and ceramide, suggested as a cause of insulin resistance [36] .
As far as lipids are concerned as a cause of insulin resistance, a considerable part of the experimental basis rests on data from i.v. infusion of lipid emulsions with subsequently rising plasma NEFA levels. With this experimental approach, however, one should keep in mind the presence of parent triglyceride-containing particles from the emulsion, which have been shown to function similarly to native TGRLs [34] .
In addition to TGRLs, diurnal changes in insulin sensitivity ought to be taken into consideration as a cause of the decline in insulin sensitivity in the postprandial state. Based on the analyses of both AIR and glucose tolerance, we strongly believe, however, that the decrease in postprandial insulin sensitivity is not due to diurnal variations in insulin sensitivity. In most studies, it has been observed that glucose tolerance is decreased in the afternoon or evening compared with the morning [37] [38] [39] ; decreased glucose tolerance, in these studies, was shown to result from decreased insulin secretion [38] [39] [40] , decreased insulin sensitivity [41, 42] or both [37, 43] . Although we observed decreased insulin sensitivity at 13.00 h, there is a noticeable difference to the above-mentioned reports on diurnal variation in glucose tolerance/insulin sensitivity; in our study, decreased insulin sensitivity is compensated by enhanced insulin secretion resulting in an even improved postprandial glucose tolerance when compared with respective postabsorptive values analysed in the morning. Based on these differences, it seems unlikely that diurnal variations in insulin sensitivity account for the decrease in postprandial insulin sensitivity in our study. Moreover, the vast majority of published reports compared glucose tolerance/insulin sensitivity between morning and afternoon, and not between morning and noon, as we did. In this regard, a decline in insulin sensitivity from noon or afternoon to late afternoon or night has been demonstrated [44] .
Another important point to be addressed is the implication of more than one glucose load administered on a single day and the so-called 'Staub-Traugott effect', i.e. the facilitating effect of glucose on the disposal of a consecutive glucose load [45] . In this respect, it has been shown that the acute insulin responses during the first minutes of two successive IVGTTs are statistically not different between the first and the second IVGTT [46, 47] . Similar results were obtained when an IVGTT was performed after an oral glucose load containing a glucose amount in the range of our test meals; after oral glucose, the K G value increased significantly whereas the insulin response in the IVGTT was unchanged when compared with the control condition, i.e. IVGTT preceded by saline drip [45] . A study in healthy men analysed insulin sensitivity 2-3 h following an oral glucose challenge, the glucose content of which was also in the range of our meals. In that study, glucose ingestion induced a rapid enhancement of glucose disposal and whole-body insulin sensitivity [48] . Insulin sensitivity and glucose disposal were calculated when postprandial blood glucose and insulin levels returned to baseline, as in our study. In line with this in vivo study, an in vitro study using human adipocytes also revealed increased insulin sensitivity following a glucose load [49] . Hence, the results of all these studies indicate that the facilitating effect of glucose on the disposal of a consecutive glucose load is based on improved insulin sensitivity without a significant change in the acute insulin response. Thus, the observations on repeated glucose loads are, in fact, very different from what we noted in our study; we found enhanced insulin responses and, most importantly, decreased postprandial insulin sensitivity after either of the two test meals. Similarly to diurnal changes in insulin sensitivity/glucose tolerance, these striking differences strongly suggest that, in our study, neither the glucose challenge of the first IVGTT nor that of the meal could explain the decrease of postprandial insulin sensitivity in the second IVGTT.
Of the potential hormones affecting insulin sensitivity, we quantified the plasma levels of growth hormone and ghrelin. Growth hormone levels showed a tendency to decrease postprandially with either of the two meals without reaching statistical significance. The decrease was more pronounced with the ingestion of Meal 1, which is in accord with the observation that NEFA exert an inhibitory effect on growth hormone secretion [27, 28] . Also ghrelin levels decreased after ingestion of either of the two meals, reaching statistical significance after Meal 2. These findings argue against changes in growth hormone and ghrelin as an explanation for the acute decrease in insulin sensitivity described in the present report.
Insulin resistance induced by postprandial lipaemia represents a phenomenon which, to the best of our knowledge, has not been appreciated to date. The physiological significance of the postprandial decline in insulin sensitivity seen in the present investigation, however, remains to be established and, of course, its quantitative contribution, if any, to insulin resistance in the metabolic syndrome or type 2 diabetes cannot be decided from the work presented here. Moreover, our data by no means preclude other causes of insulin resistance, including elevated plasma NEFA levels.
In summary, the present study reveals decreased insulin sensitivity during postprandial lipaemia, supporting the hypothesis that the postprandial state might be of importance in the development of insulin resistance. Our results strongly indicate that the postprandial decline in insulin sensitivity is induced by elevated plasma levels of TGRLs/remnants independently of plasma NEFA levels, and could be interpreted to suggest that not only atherosclerosis but also one of its major risk factors, i.e. insulin resistance, is a postprandial phenomenon.
